Introduction
============

Osteosarcoma is among the most frequently occurring bone tumors in children and young adults, which is associated with a high rate of recurrence and early metastasis ([@b1-ijo-53-05-2010]-[@b3-ijo-53-05-2010]). Surgical resection combined with adjuvant chemotherapy is the leading treatment option for osteosarcoma ([@b4-ijo-53-05-2010],[@b5-ijo-53-05-2010]). However, the use of chemotherapeutic agents, including doxorubicin and cisplatin, is associated with a high risk of short-term and long-term effects, including cardiotoxicity and nephrotoxicity, thus resulting in undesirable outcomes ([@b6-ijo-53-05-2010],[@b7-ijo-53-05-2010]). One of the predominant factors that mediate failure of chemotherapy for the treatment of osteosarcoma is the existence of osteosarcoma stem cells ([@b2-ijo-53-05-2010],[@b8-ijo-53-05-2010]-[@b13-ijo-53-05-2010]). These cells are usually in a quiescent state (G~0~ phase), leading to the failure of conventional chemotherapeutic drugs to induce cell death ([@b14-ijo-53-05-2010]-[@b16-ijo-53-05-2010]). However, these quiescent cells can quickly reenter the cell cycle and begin rapid proliferation upon appropriate stimulation ([@b17-ijo-53-05-2010],[@b18-ijo-53-05-2010]).

It has previously been reported that some proteins, including proliferating cell nuclear antigen (PCNA), Oct4 and hypoxia-inducible factor-1α (HIF-1α), which maintain stemness of cancer stem cells, are regulated by the small ubiquitin-like modifier (SUMO) pathway ([@b19-ijo-53-05-2010]-[@b25-ijo-53-05-2010]). Due to the extensive and important role of SUMOs, direct SUMO gene silencing often leads to the death of various cell types, particularly precursor cells that participate in tissue repair, which may lead to serious side effects ([@b26-ijo-53-05-2010],[@b27-ijo-53-05-2010]).

SUMO1 specific peptidase 1 (SENP1) removes SUMO1, SUMO2 and SUMO3 from target proteins, and regulates their transcriptional activity ([@b28-ijo-53-05-2010]). Notably, it is often involved in deSUMOylation of specific target proteins, which is beneficial for their recycling ([@b29-ijo-53-05-2010]).

Previous studies have demonstrated that the herpes simplex virus thymidine kinase (HSVtk) gene and complementary treatment with ganciclovir (GCV) inhibit the growth of various types of tumor cells, including glioma, breast cancer, hepatocellular carcinoma, gastric cancer and bladder cancer ([@b30-ijo-53-05-2010]-[@b34-ijo-53-05-2010]). The expressed HSVtk enzyme and endogenous kinases phosphorylate GCV, which is converted into an active and abnormal triphosphate guanosine analog. Its subsequent insertion in elongating DNA by cellular DNA polymerases induces premature chain termination and apoptosis ([@b35-ijo-53-05-2010]). Since the HSVtk-GCV system is one of the most efficient approaches to induce cell death of rapidly dividing cells ([@b36-ijo-53-05-2010]), the present study used it as a chemotherapeutic drug. This study aimed to determine the effects of SENP1 on the deSUMOylation of four stemness-maintaining proteins, PCNA, Oct4, HIF-1α and protein kinase B (Akt1), and its effects on the sensitivity of osteosarcoma stem cells to the HSVtk-GCV system.

The present study revealed that overexpression of SENP1 decreased the stemness of osteosarcoma stem cells, but only slightly affected cell migration and apoptosis. In addition, SENP1 overexpression significantly increased the sensitivity of osteosarcoma stem cells to HSVtk/GCV *in vitro* and *in vivo*. The present study provided novel insights into the treatment of osteosarcoma, particularly cancer stem cells that are not sensitive to conventional chemotherapeutic drugs. In addition, this potential treatment strategy may allow for a significant reduction in the dose of chemotherapeutic drugs and their associated side effects.

Materials and methods
=====================

Tissue specimens
----------------

A total of 18 fresh osteosarcoma tissue samples were collected between January 2016 and December 2016 from patients (7 female and 11 male patients; age range, 12-55 years old) who had not undergone radiotherapy or chemotherapy prior to surgery at the Department of Bone and Soft Tissue Tumors, Tianjin Medical University Cancer Institute and Hospital (Tianjin, China). A senior pathologist completed the initial diagnosis of all frozen samples. The partial tissue samples were fixed in 10% neutral-buffered formalin (Bios Europe Ltd., Skelmersdale, UK) overnight at room temperature, were processed using a Tissue-Tek VIP automatic tissue processor (Sakura Finetek Europe B.V., Flemingweg, The Netherlands) with a standard 14-h protocol, and were embedded in paraffin wax (Tissue-Tek; Sakura Finetek Europe B.V.). Sections (5 *µ*m) were then cut from the embedded blocks, and the paraffin-embedded sections were re-examined by another pathologist to confirm the initial diagnosis. The present study was approved by the ethics committee of Tianjin Medical University Cancer Institute and Hospital, and written informed consent was obtained from all patients.

Cell lines and cell culture
---------------------------

Three osteosarcoma cell lines, 143B, MG-63 and U-2OS, and an osteoblast cell line hFOB1.19 were purchased from American Type Culture Collection (Manassas, VA, USA). All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (both from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and 100 *µ*g/ml streptomycin (both from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 37°C in an atmosphere containing 5% CO~2~.

Cancer stem cell separation and culture
---------------------------------------

The 143B osteosarcoma cells were digested with 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.) and were pipetted into a single-cell suspension. Cells were suspended in 100 *µ*l PBS, stained with Alexa Fluor^®^ 488-labeled anti-cluster of differentiation CD133 antibody (0.5 *µ*g/million cells; cat. no. MAB 4310X; EMD Millipore, Billerica, MA, USA) for 30 min at 37°C in the dark and re-suspended with 1% paraformaldehyde (600 *µ*l). Subsequently, CD133^+^ and CD133^−^ cells were separated using flow cytometry, according to a previously described study ([@b37-ijo-53-05-2010]). The CD133^+^ cells were cultured in DMEM/F12 medium containing B27 (both from Gibco; Thermo Fisher Scientific, Inc.), 20 ng/ml basic fibroblast growth factor (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) and 20 ng/ml epidermal growth factor (Provitro Biosciences, LLC, Mount Vernon, WA, USA), and were incubated at 37°C in an atmosphere containing 5% CO~2~. To maintain osteosarcoma stem cells in states of quiescence, proliferation or differentiation, agarose gel matrix medium containing B27 (Gibco; Thermo Fisher Scientific, Inc.) and 0.025 or 3 g low melting point agarose (Nanjing Sunshine Biotechnology Co., Ltd., Nanjing, China), in combination with basic fibroblast growth factor (20 ng/ml; Miltenyi Biotec GmbH) and epidermal growth factor (20 ng/ml; Provitro Biosciences, LLC) was used, according to a previously reported method ([@b38-ijo-53-05-2010]). The dynamic morphology of cell clones was observed and captured under an inverted microscope (Olympus CKX41; Olympus Corporation, Tokyo, Japan).

Western blotting
----------------

Tissue or cell proteins were extracted using radioimmunoprecipitation assay (RIPA) extraction buffer (cat. no. R0010; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) with one protease inhibitor (Roche Diagnostics, Basel, Switzerland) per 10 ml RIPA, phenylmethylsulfonyl fluoride (1:100, cat. no. R0010) and N-ethylmaleimide (200 mM, cat. no. N8760) (both from Beijing Solarbio Science & Technology Co., Ltd.). Bicinchoninic acid assay (cat. no. PC0020; Beijing Solarbio Science & Technology Co., Ltd.) was used for protein quantification, after which, the proteins (30 *µ*g/lane) were separated by 4-20% pre-cast protein gel electrophoresis (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Following gel electrophoresis, proteins were transferred to polyvinylidene fluoride membranes (EMD Millipore), which were blocked with 5% skimmed milk and 0.1% Tris-buffered saline with 1 ml/l Tween-20 for 1 h at 37°C. The membranes were then incubated with anti-SUMO1 (1:2,000, cat. no. ab133352), anti-SENP1 (1:5,000, cat. no. ab108981), anti-PCNA (1:1,000, cat. no. ab18197), anti-Oct4 (1:1,000, cat. no. ab18976), anti-Akt1 (1:5,000, cat. no. ab235958), anti-HIF-1α (1:1,000, cat. no. ab82832), anti-matrix metalloproteinase (MMP)2 (1:1,000, cat. no. ab37150), anti-MMP9 (1:1,000, cat. no. ab38898), anti-caspase-3 (1:500, cat. no. ab13847) or anti-β-actin (1:1,000, cat. no. ab8227) (all from Abcam, Shanghai, China) antibodies overnight at 4°C. The membranes were then incubated for 1 h at room temperature with horseradish peroxidase-conjugated chicken anti-rabbit immunoglobulin G (IgG) secondary antibodies (1:2,000, cat. no. sc-516087; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Labeled proteins were detected using a Super Signal protein detection kit (Pierce; Thermo Fisher Scientific, Inc.). Changes in the levels of proteins were evaluated using ImageJ analysis software (Java 1.6.0-20 32-bit; National Institutes of Health, Bethesda, MD, USA).

Gene transduction
-----------------

Dominant-negative mutant SUMO1 \[small interfering RNA (siR)-neg\] plasmids (5′-GATCCGAATTGCCACAACAGGGTCGTGTTCAAGAGAATCACATCTTCTTCCTCCATTCTTTTTTG-3′) or the same DNA fragment carrying siR-SUMO1 (5′-GATCCGCCTTCATATTACCCTCTCCTTTCAAGAGAAGGAGAGGGTAATATGAAGGCTTTT TTG-3′) or the SENP1 gene (NM_001267595.1; 581-2,515 bp) were subcloned into pCMV-Myc (provided by Professor Huang Jianyong, Peking University, Beijing, China), and were then cloned into a lentiviral vector, pCDH-CMV-MCS-EF1-copGFP (5′-GATCCGAATTGCCACAACAGGGTCGTGTTCAAGAGAATCACATCTTCTTCCTCCATTCTTTTTTG-3′). Untreated cells were considered the control group, and cells transduced with the empty vector were considered the nonsense group. Transduction was performed using RNAifectin reagent (Applied Biological Materials, Inc., Richmond, BC, Canada), according to the manufacturer's protocol. Briefly, once 143B osteosarcoma cells were cultured to 60-70% confluence, 5 *µ*l viral suspension (10^8^ titer) was placed on cell monolayers. Flasks were then incubated at 37°C and 5% CO~2~ for 6 h, after which time the viral suspension was removed and replaced with fresh media. The effect of gene transduction was verified by western blotting.

Immunofluorescence staining
---------------------------

Cells with or without gene transduction were cultured for a further 48 h. Subsequently, the cells were fixed with 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA), permeabilized in 0.5% Trixon X-100 in PBS for 5 min, blocked with 3% bovine serum albumin (cat. no. 9048-46-8; Sigma-Aldrich; Merck KGaA) in PBS for 1 h at room temperature. Cells were then incubated overnight at 4°C with anti-Ki67 antibodies (1:500, cat. no. ab15580; Abcam), followed by further incubation at room temperature for 1 h with Alexa Fluor^®^ 594-conjugated goat anti-rabbit IgG (1:400; cat. no. ab150080; Abcam) at 2 *µ*g/ml. Nuclear DNA was labeled blue with DAPI. Images were captured under a confocal microscope (Carl Zeiss AG, Oberkochen, Germany). Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) was used for image analysis.

Cell cycle analysis
-------------------

Cells with or without gene transduction were further cultured for 48 h, after which, they were collected and fixed in 70% ethanol for 30 min at 4°C, and were then treated with the DNA-binding dye propidium iodide (50 *µ*g/ml) and RNase (1 mg/ml) for 30 min at 37°C in the dark. Finally, red fluorescence was analyzed using a FacsCalibur™ flow cytometer and CellQuest software version 4.0 (both from BD Biosciences, Franklin Lakes, NJ, USA), according to a standard protocol; a peak fluorescence gate was used to discriminate aggregates.

Apoptosis assay
---------------

Cells with or without gene transduction were further cultured for 48 h. Subsequently, apoptosis was analyzed using an Annexin V fluorescein isothiocyanate apoptosis detection kit (BD Biosciences) and flow cytometry within 1 h, according to the manufacturer's protocol.

Invasion assay
--------------

Cell invasion ability was examined using 6-well Transwell chambers and a reconstituted extracellular matrix membrane (BD Biosciences), according to a previously reported method ([@b39-ijo-53-05-2010]). Briefly, cells with or without gene transduction were seeded into the upper chamber at 1×10^4^ cells/well; 600 *µ*l DMEM supplemented with 10% FBS was added into the lower chamber. After 48 h, the upper chamber was removed and the membrane was stained with hematoxylin. The number of cells permeating the membrane was quantified under an inverted microscope (Olympus cellSens Entry 1.16; Olympus Corporation).

Lactate dehydrogenase (LDH) activity detection
----------------------------------------------

Adherent cells with or without SENP1 or HSVtk gene transduction were cultured in DMEM supplemented with 10% FBS containing 1 mg/ml GCV (cat. no. Y0001129; Sigma-Aldrich; Merck KGaA) in 24-well plates. For transduction with the HSVtk gene, 143B osteosarcoma cells at 95% confluence were incubated with Ad-CMV-tk (provided by Institute of Life Science, Nankai University, Tianjin, China) at a multiplicity of infection of 100 at 37°C and 5% CO~2~ for 24 h. The transduction efficacy was detected by western blotting, as aforementioned. Anti-TK (1:5,000, cat. no. ab76495) and anti-β-actin (1:1,000, cat. no. ab8227) (both from Abcam) primary antibodies, and anti-rabbit IgG secondary antibodies (1:2,000, cat. no. sc-516087; Santa Cruz Biotechnology, Inc.) were used in this experiment. Meanwhile, the 143B cells with or without SENP1 or HSVtk gene transduction were cultured in suspension in DMEM/F12 medium containing B27, 20 ng/ml basic fibroblast growth factor, 20 ng/ml epidermal growth factor and 1 mg/ml GCV in 24-well plates. After 48 h, the conditioned medium was collected, and the LDH content was measured by ELISA using an LDH Activity Assay kit (cat. no. YM-LH0351; Shanghai Yuanmu Biotechnology Co., Ltd., Shanghai, China), according to the manufacturer's protocol. The medium was maintained at room temperature for 5 min, and the optical density (OD) was subsequently recorded using a microplate reader at 450 nm. The activity of LDH was derived from the OD values and expressed as U/l.

Xenograft tumor assay
---------------------

The animal experiments were approved by the Animal Ethics Committee of Tianjin Fifth Central Hospital (Tianjin, China). A total of 32 female nude mice (age, 4 weeks; weight, 14-16 g) were purchased from the Animal Center of Academy of Military Medical Sciences (Beijing, China) and were housed in the Experimental Animal Center of The Fifth Central Hospital of Tianjin. Mice were maintained under a controlled temperature (22-24°C) and stable humidity (40-60%), under a 12-h light/dark cycle with *ad libitum* access to food, water. The subcutaneous cancer model was established as previously described ([@b40-ijo-53-05-2010]). Briefly, 32 female nude mice (age, 4 weeks) were randomly divided into the following four groups; i) Control group, in which 1×10^7^ 143B cells were implanted and, after 15 days, the mice were treated with PBS equivalent to GCV volume; ii) SENP1 group, in which 1×10^7^ SENP1/143B cells were implanted and, after 15 days, the mice were treated with PBS; iii) HSVtk/GCV group, in which 1×10^7^ HSVtk/143B cells were implanted and, after 15 days, the mice were treated with GCV at 15 mg/kg every 48 h for 15 days; iv) combined group, in which the same number of SENP1/HSVtk/143B cells were implanted and, after 15 days, the mice were treated with GCV at 15 mg/kg every 48 h for 15 days. The present study ensured that all subcutaneous tumors were isolated and that no multiple tumors appeared in the same cell inoculation site. Tumor growth was monitored by caliper measurement every 5 days for 30 days. Tumor volume (V) was calculated as follows: V = L x W^2^ × 0.5; L, length; W, width. On the 30th day after tumor inoculation, the mice were sacrificed. The longest diameter of the subcutaneous tumor was measured, and tumor weight was determined. Subsequently, these subcutaneous tumors were carefully collected, necrotic tissue was removed and the tumors were cut into small blocks (0.5×0.5×0.3 cm^3^ volume). The tumor blocks were then embedded in paraffin for *in situ* apoptosis and immunohistochemistry experiments. Cell apoptosis in frozen sections was detected according to the TUNEL method using an *in situ* cell death kit (Roche Diagnostics), according to the manufacturer' s protocol. SUMO1, SENP1 and PCNA protein expression was detected by immunohistochemistry, using primary antibodies against SUMO1 (1:400, cat. no. ab11672), SENP1 (1:200, cat. no. ab108981) and PCNA (1:10,000, cat. no. ab29) (all from Abcam), as previously described ([@b41-ijo-53-05-2010]). After primary antibody incubation overnight at 4°C, goat anti-rabbit IgG H&L horseradish peroxidase-conjugated secondary antibody (1:5,000, cat. no. ab205718) or goat anti-mouse IgG H&L horseradish peroxidase-conjugated secondary antibody (1:1,000, cat. no. ab6789) (both from Abcam) was applied at 37°C for 1 h. All images were captured under a microscope (Olympus BX53; Olympus Corporation).

Statistical analysis
--------------------

All experiments were repeated at least three times. Data are expressed as the means ± standard deviation. When the averages of two groups were compared, the results were analyzed by Student's t-test. When averages among three or more groups were compared, the results were analyzed by one-way analysis of variance (ANOVA), and Bonferroni correction was used to control the type I error following one-way ANOVA. All tests were two-tailed, and P≤0.05 was considered to indicate a statistically significant difference. GraphPad Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA) was used for all statistical tests.

Results
=======

Expression of SENP1 is significantly decreased in osteosarcoma tissues and tumor cell lines
-------------------------------------------------------------------------------------------

The present study initially examined the expression of SENP1 and SUMO1 in osteosarcoma tissues and adjacent tissues. The expression levels of SENP1 were significantly lower in osteosarcoma tissues compared with in the adjacent tissues; expression levels were \<0.2-fold those in adjacent tissues. Conversely, the expression levels of SUMO1 in the covalent binding state were significantly higher in osteosarcoma tissues than in adjacent tissues; however, the expression levels of SUMO1 in the free state were comparable in the cancerous and adjacent tissues ([Fig. 1A](#f1-ijo-53-05-2010){ref-type="fig"}). Similar trends were detected in osteosarcoma cell lines, with the exception of the expression levels of free SUMO1. The expression levels of SUMO1 in the free state were slightly lower in osteosarcoma cell lines than in the osteoblast cell line hFOB1.19 ([Fig. 1B](#f1-ijo-53-05-2010){ref-type="fig"}). In addition, the expression levels of SENP1 were reduced in osteosarcoma cell lines compared with in hFOB1.19 cells. Conversely, the expression levels of conjugated SUMO1 were increased in osteosarcoma cell lines compared with in hFOB1.19 cells ([Fig. 1B](#f1-ijo-53-05-2010){ref-type="fig"}).

SENP1 and SUMO1 expression patterns are distinctly different between cancer stem cells and non-cancer stem cells
----------------------------------------------------------------------------------------------------------------

To analyze the expression patterns of SENP1 and SUMO1 in cancer stem cells and non-cancer stem cells, CD133^+^ and CD133^−^ osteosarcoma cells were assessed by flow cytometry. A lower expression of SENP1, and a higher expression of conjugated and free SUMO1 were detected in CD133^+^ osteosarcoma cells compared with in CD133- cells ([Fig. 1C](#f1-ijo-53-05-2010){ref-type="fig"}). These findings suggested that a large number of proteins may be covalently bound to SUMO1 in these cancer stem cells.

In theory, chemotherapeutic drugs fail to treat osteosarcoma due to a small percentage of cancer stem cells that persist in a quiescent state (G~0~), allowing them to survive chemotherapeutic drug treatments ([@b42-ijo-53-05-2010]). To better understand the role of SENP1 in the stemness maintenance of osteosarcoma cells, gel stress in combination with stem cell growth factors was used, which limits cancer stem cells in states of quiescence, proliferation or senescence. The results demonstrated that cancer stem cells in the resting state had relatively weaker SENP1 expression and stronger conjugated SUMO1 expression compared with in cells in the proliferating or senescent states ([Fig. 1D](#f1-ijo-53-05-2010){ref-type="fig"}). These results further suggested that high protein SUMOylation levels may be an important factor for cancer stem cell maintenance.

To confirm this inference, the expression levels of two key stem-maintaining proteins, Oct4 and HIF-1α, and PCNA, an important marker of cell proliferation status, were detected. These proteins have been confirmed as SUMO1 target proteins, which are involved in maintaining stemness of stem cells ([@b43-ijo-53-05-2010]). As expected, in the resting state, osteosarcoma stem cells expressed higher levels of Oct4 and HIF-1α but only low level of PCNA expression compared with in cells in the proliferating or senescent states ([Fig. 1D](#f1-ijo-53-05-2010){ref-type="fig"}).

SUMO1 silencing induces osteosarcoma stem cells to rapidly age, strongly inhibits cell proliferation and migration, and induces cell apoptosis
----------------------------------------------------------------------------------------------------------------------------------------------

Since SUMO1 serves an important role in maintaining the stemness of stem cells, the present study detected the effects of SUMO1 gene silencing on osteosarcoma stem cells. Upon silencing the SUMO1 gene by RNA interference in CD133^+^ osteosarcoma cells ([Fig. 2A](#f2-ijo-53-05-2010){ref-type="fig"}), the cancer stem cells quickly lost their ability to maintain stemness as indicated by the inability to maintain a suspended state of clonal spheres in stem cell maintenance culture medium ([Fig. 2B](#f2-ijo-53-05-2010){ref-type="fig"}). After the cells in the spheres were mechanically dispersed, the CD133^+^ population was detected by flow cytometry. The CD133^+^ population was decreased from 5-7 to 0.2-0.5% ([Fig. 2C](#f2-ijo-53-05-2010){ref-type="fig"}). In addition, the positive rate of Ki67 decreased from 90-95 to 30-37% ([Fig. 2D](#f2-ijo-53-05-2010){ref-type="fig"}). Flow cytometry also detected a large proportion of cancer stem cells that had transitioned from G~0~/G~1~ phase to S/G~2~ phase ([Fig. 2E](#f2-ijo-53-05-2010){ref-type="fig"}). These results indicated that, upon SUMO1 gene silencing, osteosarcoma stem cells failed to maintain stemness characteristics.

The present study also examined the effects of SUMO1 gene silencing on invasion and apoptosis of osteosarcoma stem cells. The results of transwell assays indicated that knockdown of the SUMO1 gene inhibited the migration of osteosarcoma cells ([Fig. 2F](#f2-ijo-53-05-2010){ref-type="fig"}). Flow cytometry demonstrated that SUMO1 gene silencing increased the apoptosis of osteosarcoma cells ([Fig. 2G](#f2-ijo-53-05-2010){ref-type="fig"}). These results revealed that silencing SUMO1 may cause osteosarcoma stem cells to rapidly age, resulting in the cell cycle shifting from G~0~/G~1~ phase to S/G~2~ phase, decreases in cell proliferation and migration, and an increase in apoptotic rate.

Overexpression of SENP1 decreases stemness maintenance, and slightly affects the migration and apoptosis of osteosarcoma stem cells
-----------------------------------------------------------------------------------------------------------------------------------

Since SUMO1 gene silencing directly led to rapid aging of osteosarcoma stem cells, it was hypothesized that drugs that directly target SUMO1 may exert significant side effects. Therefore, the present study investigated whether overexpression of SENP1, a SUMO1-specific peptidase, released its target proteins from conjugates without affecting the viability of most cells. The results demonstrated that overexpression of SENP1 decreased the maintenance of osteosarcoma stem cell stemness, but only slightly affected cell migration and apoptosis.

The morphology of osteosarcoma stem cells overexpressing the SENP1 gene ([Fig. 3B](#f3-ijo-53-05-2010){ref-type="fig"}) was different from that of SUMO1 gene-silenced cancer stem cells ([Fig. 2B](#f2-ijo-53-05-2010){ref-type="fig"}). SENP1-overexpressing cells formed spheres with an obvious necrotic center and visible cell debris when cultured in stem cell-maintaining medium ([Fig. 3B](#f3-ijo-53-05-2010){ref-type="fig"}). Decreased expression of Ki67 ([Fig. 3C](#f3-ijo-53-05-2010){ref-type="fig"}) and a shift in the cell cycle from G~0~/G1 to S/G~2~ phase ([Fig. 3D](#f3-ijo-53-05-2010){ref-type="fig"}) confirmed that overexpression of SENP1 induced loss of the stemness maintenance capability in cancer stem cells to a certain extent. However, the results of cell migration and apoptosis assays indicated a small change in cell migration ([Fig. 3E](#f3-ijo-53-05-2010){ref-type="fig"}) and only a slight increase in apoptosis ([Fig. 3F](#f3-ijo-53-05-2010){ref-type="fig"}).

To verify these findings, four confirmed target proteins of SUMO1, PCNA, Oct4, HIF-1α and Akt1, two migration-associated proteins, MMP2 and MMP9, and the proapoptotic protein caspase-3 were detected by western blotting. The results demonstrated that SUMO1 gene silencing significantly decreased the expression of all these detected proteins, with the exception of Akt1 ([Fig. 3G](#f3-ijo-53-05-2010){ref-type="fig"}). However, compared with the control group, overexpression of SENP1 reduced the expression of PCNA, Oct4, MMP9, HIF-1α and caspase-3, but had no significant effect on MMP2 and Akt1 ([Fig. 3G](#f3-ijo-53-05-2010){ref-type="fig"}). One possible explanation is that these three proteins are not direct targets of SUMO1.

Overexpression of SENP1 significantly increases the sensitivity of osteosarcoma stem cells to HSVtk/GCV in vitro
----------------------------------------------------------------------------------------------------------------

To determine whether SENP1 could reduce the stemness-maintaining ability of osteosarcoma stem cells and increase their sensitivity to chemotherapeutic drugs, a conventional chemotherapeutic drug system, HSVtk/GCV, which has been demonstrated to be effective for most cancers, was applied to the cancer stem cells. The results demonstrated that the tk gene was successfully transduced into the target cells ([Fig. 4A](#f4-ijo-53-05-2010){ref-type="fig"}), and HSVtk/GCV significantly increased LDH levels in the conditioned medium of adherent cells and the proportion of apoptotic cells. However, it only served a minor role in killing osteosarcoma stem cells, indicating chemotherapeutic resistance of osteosarcoma stem cells to HSVtk/GCV. Conversely, when combined with application of the SENP1 plasmid, the cancer stem cells underwent marked cell apoptosis ([Fig. 4B-D](#f4-ijo-53-05-2010){ref-type="fig"}). Similar to the results presented in [Fig. 3F](#f3-ijo-53-05-2010){ref-type="fig"}, SENP1 alone only had a slight effect on apoptosis of adherent cancer cells and suspended cancer stem cells ([Fig. 4B-D](#f4-ijo-53-05-2010){ref-type="fig"}). These results indicated that overexpression of SENP1 alone may not cause obvious phenotypic abnormalities of stem cells normally present in the body, which is crucial to reduce the side effects of chemotherapeutic drugs.

SENP1 overexpression significantly increases the sensitivity of osteosarcoma stem cells to HSVtk/GCV in vivo
------------------------------------------------------------------------------------------------------------

To verify the therapeutic effects of combined application of the SENP1 plasmid and HSVtk/GCV *in vivo*, immune-deficient mice were employed in the present study. The results were similar to those obtained *in vitro*. Overexpression of SENP1 alone did not induce significant tumor growth inhibition ([Fig. 5A-D](#f5-ijo-53-05-2010){ref-type="fig"}). Treatment with HSVtk/GCV alone inhibited tumor growth and induced apoptosis of tumor cells to a certain extent; however, it could not completely eliminate the tumor ([Fig. 5A-D](#f5-ijo-53-05-2010){ref-type="fig"}). Combined application of the SENP1 plasmid and HSVtk/GCV further reduced tumor volume and induced apoptosis ([Fig. 5E](#f5-ijo-53-05-2010){ref-type="fig"} and F). Immunohistochemistry results from tumor tissues revealed that transduction with the of SENP1 gene alone reduced the expression levels of SUMO1 and PCNA. Treatment with HSVtk/GCV alone reduced PCNA protein levels, but had no effect on SUMO1 expression. Furthermore, combination therapy reduced the expression of SUMO1 and PCNA to a greater extent ([Fig. 5G](#f5-ijo-53-05-2010){ref-type="fig"}). However, even combination therapy could not completely inhibit the growth of osteosarcoma ([Fig. 5A-D](#f5-ijo-53-05-2010){ref-type="fig"}). Therefore, more potential molecular mechanisms need to be investigated, and more targeted drugs need to be developed and applied.

Discussion
==========

The present study initially examined the expression levels of SUMO1 in osteosarcoma tissues and adjacent tissues. A high level of conjugated SUMO1 was detected in osteosarcoma tissues; however, the expression levels of conjugated SUMO1 were very low in the adjacent tissues. This observation is consistent with findings in other types of tumor, including breast cancer, glioma and prostate cancer ([@b44-ijo-53-05-2010]). A large number of proteins involved in tumor proliferation, DNA repair, migration, invasion, immune escape and anti-apoptosis are targets of SUMO1 ([@b45-ijo-53-05-2010]).

According to the requirements of tumor growth, SUMO1 can be recruited to form conjugates with its target proteins to stabilize specific protein conformations, assist in completion of nuclear translocation, and activate molecular switches that control diverse cellular functions ([@b22-ijo-53-05-2010]). Thus far, thousands of proteins have been reported to be regulated by SUMO1 ([@b46-ijo-53-05-2010]).

The transcription factor Oct4 is a master regulator that determines the fate of pluripotent stem cells and cancer stem cells ([@b47-ijo-53-05-2010]). Wei *et al* ([@b48-ijo-53-05-2010]) revealed that Oct4 could be modified by SUMO1 *in vivo* and *in vitro*. SUMOylation of Oct4 occurs at a single lysine, Lys118, located at the end of the amino-terminal transactivation domain and next to the Pit1-Oct-Unc86 DNA binding domain. Conjugate modification of Oct4 by SUMO1 leads to significantly increased Oct4 stability and increased DNA binding ([@b48-ijo-53-05-2010]). In the present study, a negative association was detected between low expression of SENP1 and high expression of conjugated SUMO1 in osteosarcoma stem cells, and the expression levels of Oct4 were negatively associated with SENP1 expression. Upon SUMO1 knockdown or overexpression of SENP1, the expression levels of Oct4 were significantly downregulated, which was accompanied by the transition from G~0~/G~1~ to S/G~2~ phase in the cell cycle, and a reduction in the stemness maintenance of osteosarcoma stem cells.

Similar trends were reflected in the expression of PCNA, HIF-1α and MMP9. SUMOylation of PCNA occurs on lysine 164, and the results of functional studies suggested that PCNA SUMOylation may prevent unwanted and deleterious recombination during DNA replication ([@b49-ijo-53-05-2010],[@b50-ijo-53-05-2010]). Leach and Michael ([@b51-ijo-53-05-2010]) suggested that PCNA SUMOylation serves as a molecular 'gas pedal' that controls the speed of replisome movement during S phase. However, even at the same lysine site on PCNA, there may be various forms of post-translational modification ([@b50-ijo-53-05-2010],[@b51-ijo-53-05-2010]). At present, research regarding PCNA SUMOylation is considered complex. HIF-1α, which is another widely studied SUMO target protein, is closely associated with the chemoresistance of cancer stem cells ([@b52-ijo-53-05-2010]). Due to their high levels of proliferation, cancer cells often encounter local hypoxia. Under such conditions, HIF-1α can be conjugated with SUMO1 to prevent further hydrolysis, thereby inducing the formation of new blood vessels to overcome the hypoxic microenvironment ([@b52-ijo-53-05-2010],[@b53-ijo-53-05-2010]). Akt1 is involved in controlling cell survival, proliferation, metabolism and angiogenesis ([@b54-ijo-53-05-2010]). An Akt SUMOylation mutant exhibits reduced activation, and is associated with decreases in anti-apoptotic and protumor activities compared with the wild-type protein ([@b55-ijo-53-05-2010]). In the present study, upon SUMO1 gene silencing or SENP1 overexpression, a significant downregulation was detected in the expression levels of PCNA, HIF-1α and MMP9. These results may explain the decline in the stemness-maintaining ability of osteosarcoma stem cells.

The present study aimed to increase the sensitivity of osteosarcoma stem cells to chemotherapeutic drugs using SENP1 to remove conjugated SUMO from stemness-maintaining proteins. Therefore, HSVtk/GCV was used because it is among the most efficient drug systems that cause cell death to rapidly dividing cells. As expected, upon overexpression of SENP1, the expression levels of conjugated SUMO1 were significantly decreased, which was accompanied by a transition from G~0~/G~1~to S/G~2~ phase. The results of *in vitro* and *in vivo* experiments indicated that overexpression of SENP1 significantly enhanced the sensitivity of osteosarcoma stem cells to HSVtk/GCV.

The present study also aimed to reduce the side effects of chemotherapeutic drugs. The results demonstrated that SUMO1 gene silencing by RNA interference induced inhibition of cancer cells, and caused cancer cell death. However, although overexpression of SENP1 induced the transition from G~0~/G~1~ to S/G~2~ phase, the effects on cell apoptosis and migration were small. Liu *et al* recently reported that SUMO silencing can lead to growth arrest and rapid aging of bone marrow mesenchymal stem cells ([@b56-ijo-53-05-2010]). Notably, SUMO silencing may induce marked side effects on normal stem cells, whereas SENP1 overexpression-induced deSUMOylation may significantly reduce the degree of side effects.

A previous study indicated that Connexin 43 (Cx43), which is a protein involved in gap junctional intercellular communication, can be covalently modified and regulated by SUMO1 in liver cancer stem cells ([@b57-ijo-53-05-2010]). In addition, Cx43 SUMOylation can improve gap junction functions and enhance cell sensitivity to HSVtk/GCV ([@b56-ijo-53-05-2010]). It seems contradictory that increasing protein SUMOylation levels in liver cancer stem cells and inducing deSUMOylation in osteosarcoma stem cells can both increase chemosensitivity. Therefore, further studies are required that focus on the complex network of proteins associated with chemosensitivity in these cells.

In conclusion, the present study developed a method that is able to remove conjugated SUMO from target proteins, particularly those that maintain stemness of osteosarcoma stem cells. This strategy may be applied to the clinic in the future to increase the effects of chemotherapeutic drugs while minimizing their side effects.
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![Expression of SENP1 is significantly decreased in osteosarcoma, particularly in osteosarcoma stem cells. (A) Expression of SENP1, conjugated SUMO1 and free SUMO1 in osteosarcoma and adjacent tissues, as detected by western blotting. ^\*\*^P\<0.01 compared with the cancer group. (B) Expression of SENP1, conjugated SUMO1 and free SUMO1 in osteosarcoma cell lines with different differentiation grades, as detected by western blotting. ^\*^P\<0.05 and ^\*\*^P\<0.01 compared with the hFOB1.19 group. (C) Expression of SENP1, conjugated SUMO1 and free SUMO1 in CD133^+^ and CD133^−^ 143B osteosarcoma cells, as detected by western blotting. ^\*^P\<0.05 and ^\*\*^P\<0.01 compared with the CD133^+^ group. (D) Expression of SENP1, conjugated SUMO1 and free SUMO1 in CD133^+^ 143B osteosarcoma stem cells in various growth states, as detected by western blotting. Graphs represent three independent experiments. ^\*^P\<0.05 and ^\*\*^P\<0.01 compared with the resting cells group. Data are presented as the means ± standard deviation. CD133, cluster of differentiation 133; HIF-1α, hypoxia-inducible factor 1α; PCNA, proliferating cell nuclear antigen; SENP1, SUMO1 specific peptidase 1; SUMO1, small ubiquitin-like modifier 1.](IJO-53-05-2010-g00){#f1-ijo-53-05-2010}

![SUMO1 gene silencing induces osteosarcoma stem cells to undergo rapid aging, strongly inhibits cell proliferation and migration, and induces apoptosis. (A) Expression of conjugated and free SUMO1 was detected following SUMO1 gene silencing. (B) Alterations in clonal sphere morphology of osteosarcoma stem cells following SUMO1 gene silencing (scale bar, 50 *µ*m). (C) Proportion of CD133^+^ 143B osteosarcoma stem cells, as detected by flow cytometry. (D) Expression of Ki67 was detected by immunocytochemistry following SUMO1 gene silencing in CD133^+^ 143B osteosarcoma stem cells (red, Ki67; blue, DAPI, all images presented are merged images of Ki67 and DAPI staining; scale bar, 50 *µ*m). (E) Cell cycle alterations were examined by flow cytometry. (F) Alterations in cell migration were detected by transwell assays (scale bar, 50 *µ*m). (G) Cell apoptosis was examined by flow cytometry. CD133, cluster of differentiation 133; neg, negative; siR, small interfering RNA; SUMO1, small ubiquitin-like modifier 1.](IJO-53-05-2010-g01){#f2-ijo-53-05-2010}

![SENP1 overexpression markedly decreases stemness maintenance, but only slightly affects the migration and apoptosis of osteosarcoma stem cells. (A) Expression of SENP1, conjugated SUMO1 and free SUMO1, as detected by western blotting following SENP1 gene transduction. (B) Alterations in clonal sphere morphology of osteosarcoma stem cells following SENP1 gene transduction (scale bar, 50 *µ*m). (C) Expression of Ki67 was detected by immunocytochemistry following transduction of SENP1 in CD133^+^ 143B osteosarcoma stem cells (red, Ki67; blue, DAPI, all images presented are merged images of Ki67 and DAPI staining; scale bar, 50 *µ*m). (D) Cell cycle alterations were examined by flow cytometry. (E) Alterations in cell migration were detected by transwell assays (scale bar, 50 *µ*m). (F) Cell apoptosis was examined by flow cytometry. (G) Proteins associated with tumor stemness maintenance (PCNA, Oct4, HIF-1α and Akt1), tumor cell migration-associated proteins (MMP2 and MMP9) and the apoptosis-related protein caspase-3 were detected by western blotting following SUMO1 gene silencing or SENP1 gene transduction in 143B osteosarcoma stem cells. Akt1, protein kinase B; CD133, cluster of differentiation 133; HIF-1α, hypoxia-inducible factor 1α; MMP, matrix metalloproteinase; PCNA, proliferating cell nuclear antigen; SENP1, SUMO1 specific peptidase 1; siR, small interfering RNA; SUMO1, small ubiquitin-like modifier 1.](IJO-53-05-2010-g02){#f3-ijo-53-05-2010}

![SENP1 overexpression significantly increases the sensitivity of osteosarcoma stem cells to HSVtk/GCV *in vitro*. (A) HSVtk gene transduction efficiency was detected by western blotting. (B) LDH content was measured using an ELISA after subjecting adherent osteosarcoma cells or suspended osteosarcoma stem cells to various treatments. (C and D) Cell apoptosis was detected by flow cytometry. Graphs represent three independent experiments. Data are presented as the means ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 compared with the control group. HSVtk/GCV, herpes simplex virus thymidine kinase/ganciclovir; LDH, lactate dehydrogenase; SENP1, SUMO1 specific peptidase 1.](IJO-53-05-2010-g03){#f4-ijo-53-05-2010}

![SENP1 overexpression significantly increases the sensitivity of osteosarcoma stem cells to HSVtk/GCV *in vivo*. (A) Longest tumor diameter was determined at the end of the experiments. (B) Tumor volumes were monitored over 30 days. (C) Tumor weight was determined at the end of the experiments. (D) Tumors were dissected from the subcutaneous region of nude mice. (E and F) Apoptosis in xenografted tumor sections was detected by TUNEL assays (scale bar, 100 *µ*m) and the number of apoptotic cells was quantified. (G) SUMO1, SENP1 and PCNA expression in xenografted tumor sections was detected by immunohistochemistry (scale bar, 25 *µ*m). Graphs represent three independent experiments. Data are presented as the means ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 compared with the control group. HSVtk/GCV, herpes simplex virus thymidine kinase/ganciclovir; PCNA, proliferating cell nuclear antigen; SENP1, SUMO1 specific peptidase 1; SUMO1, small ubiquitin-like modifier 1.](IJO-53-05-2010-g04){#f5-ijo-53-05-2010}
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